Abstract. Most tyre models used in vehicle dynamics simulations are parameterised with data obtained on a flat-track test rig, where the tyre is commonly driven on sandpaper. The resultant models are typically very accurate at low to medium slip conditions. At high slip, the prediction of forces and moments of a tyre rolling on surfaces other than sandpaper is less reliable as this condition is dominated by the rubber-road friction characteristics. To extend the validity of tyre models derived from sandpaper surface measurements to road surfaces, this paper explores the use of frictional behaviour of tread rubber obtained with a purposebuilt rubber friction measurement system. Since rubber friction depends on many variables, tests have been carried out under controlled conditions in order to obtain accurate and repeatable data. Friction measurements were performed on sandpaper and incorporated into a brush-type tyre model to recreate the flat-track measurements of the full tyre. Preliminary results indicate the benefits and potential of detailed knowledge on the frictional behaviour for accurately modelling tyre forces and moments.
Introduction
Most tyre models currently used in vehicle simulations are derived from data obtained with indoor flat-track test rigs [1] . Although the tests are precisely controlled to ensure repeatability, the tyre is run on an unrealistic surface -sandpaper -which raises concerns about the applicability of the results for different road surfaces and, thus, of the created tyre models. Significant differences are commonly expected in high slip conditions ( Fig. 1 left) , which are dominated by the friction characteristics of the tread compound. Accordingly, vehicle simulations close to / at the limit of handling may yield results that are not representative of real vehicle behaviour ( Fig. 1 right) [2] . To remedy the situation, the literature proposes different processes to transfer or scale tyre test data from one surface to another. For example, [3] develops a procedure to determine scaling factors derived from static tyre measurements, including measurements of 'static' and 'sliding' friction coefficients, that allow capturing differences in the tyre forces and moments between surfaces. As an alternative approach, [4] suggests vehicle-based tyre testing to rescale tyre models based on flat-track measurements to different road surfaces. Fig. 1 . Left: Longitudinal tyre slip curves obtained on a flat-track test rig using different surfaces: 36 and 120 grit sandpaper, a custom surface, and 'Roadway' flat-track belt. Right: Measured (blue line) and simulated vehicle understeer characteristics. Simulations performed with a MF tyre model parameterised with sandpaper flat-track measurements (brown) and with data obtained from on road measurements using the JLR VBOTT, Vehicle-Based Objective Tyre Test rig, (yellow) [2] . This paper focuses on the first phase of the development of a robust procedure that scales high-quality data from indoor testing to predict tyre behaviour on real surfaces by augmenting the full-scale tyre tests with detailed tread rubber friction data. Therefore, friction measurements were conducted on a known surface using a dedicated test rig, see section 2. The friction characteristics were integrated with a physical-based tyre model (see section 3) to i) investigate their benefits in terms of accuracy of predicting measured tyre forces and ii) to gather information that allows identifying relevant scaling parameters (see sections 4 and 5).
Friction Measurements

Rubber Friction Test Setup
A state-of-the-art, purpose-built test rig ( Fig. 2 and Fig. 3 ) was used to measure tread rubber friction. The rig consists of a linear actuator that moves a surface at a userdefined velocity within a climate chamber. A tread rubber sample fixed in a sample holder is pressed against the test surface by weights while the frictional, normal and lateral forces are measured. Similar to the fundamental work by Grosch [5] , measurements were carried out at low sliding velocities (30 µm/s to 1 cm/s) to avoid frictional heating. By repeating friction experiments at different temperatures (-40°C to +50°C), the measurements allow for the construction of a friction master curve, see section 3. Measurements were focused on the sandpaper surface used on the Calspan flat-track test rig (see section 5) [6] . 
Sample Preparation
A robust sample preparation procedure is essential to ensure high levels of repeatability for friction measurements. The rubber samples used in this study were tread blocks cut directly from a new passenger car tyre (Fig. 4 left) . The samples possess an outer layer that wears away during sliding, exposing fresh rubber underneath. The principal effects of this wear are twofold. Firstly, the resultant rubber debris lies on both the sample and surface, thus changing the frictional interaction. Secondly, after wearing, fresh rubber is exposed, also influencing the frictional interaction. Both of these effects impact test repeatability. Similar to [7] , to mitigate these effects, a run-in procedure was developed to wearin the sample before friction measurements were taken, thus ensuring only fresh rubber was in contact with the surface during testing. The run-in procedure in this work consisted of, firstly, hand-sanding the sample and, secondly, running it in the friction rig at room temperature (22°C) at a sliding velocity, , of 2 mm/s (the 'run-in speed') until the friction coefficient settled to a constant value. The wear evolution of a sample during the run-in process can be seen in Fig. 4 . 
Testing Procedure
After a sample was run-in, test runs began. A test run is defined as the sample traversing a 70 mm section of the sandpaper surface at 14 different velocities ranging from 0.03 mm/s to 10 mm/s, at one temperature. For each velocity in a test run, the sample traversed the 70 mm section back and forth twice, and the friction coefficient measurement was taken as the average value. The upper limit of the velocity range was set to 10 mm/s in order to avoid local frictional heating effects [5, 8] .
Test runs were carried out at 16 different temperatures ranging from -40°C to +50°C. During a test run, the sliding velocity was changed from the lowest to the highest, in an effort to minimise the effects of sample wear. For example, at cold temperatures in particular, the effects of wear were greater for higher sliding velocities, evident by the observable debris on the surface after the test, see Fig. 5 . The surface and the sample was cleaned after each test run. In addition, testing was peppered with 'calibration runs', where the sample was slid at the run-in speed to monitor consistency and repeatability of the measurements. Following the test procedure outlined in section 2.3, a series of friction curves at different temperatures was obtained (Fig. 6 ). Similar to Grosch [5] , the Williams, Landel & Ferry (WLF) transform was applied to all friction curves to generate the friction coefficient over a logarithmic range of speeds log at one constant temperature -the so called 'master curve'. The WLF transform is given by:
where T is the measurement temperature, Ts is a reference temperature found empirically to be approximately 50°C above the glass transition temperature (Tg) of the rubber compound, and c1 and c2 are constants, here set equal to 8.86 and 101.5, respectively [5] [9] . For the studied tread compound (Fig. 4) , Tg was determined through DMA testing and was found to be equal to -30°C. The resultant friction master curve is shown in Fig. 7 . The friction master curve can also be shifted horizontally along the log axis to an arbitrary reference temperature (T') via equation (2) 
Tyre Modelling
To assess the impact of detailed rubber friction data on simulation accuracy, two tyre models based on the brush model approach [11] were parameterised and, similar to [12] , compared against flat-track measurements in the longitudinal direction. The models are:
• Brush model with two constant friction coefficients as proposed by Jacobson [13] ; denoted as two-µ model • Brush model with variable friction coefficient; denoted as variable-µ model
Brush Model with two constant friction coefficients -two-µ model
The two-µ model is an extension of the simple brush model that implements two distinct friction coefficients for the sticking (or adhesion) region and the sliding region of the contact patch (µstick and µslide) [13] . The equation for the longitudinal force, Fx, as a function of longitudinal slip, σ, is presented in equation (3), where Cx is the longitudinal slip stiffness and Fz is the normal load. Note that equation (3) 
Brush Model with variable friction coefficient -variable-µ model
Following a similar approach to [12] and [14] , the variable-µ model is based on the two-µ model and extends it by making µslide variable through the use of the friction measurements results. Thus, the friction master curve obtained on sandpaper was integrated with equation (3), specifically to calculate µslide as a function of longitudinal slip. The approach taken to calculate µslide is shown in Fig. 8 . Note that for the purpose of integration with the two-µ model, a spline was fitted to the friction master curve shown in Fig. 7 . In addition, while in reality the bristle velocity depends on its location in the contact patch, here the tyre slip velocity ( 2 = % ); where % is the wheel velocity) is used as a first approximation [11, 15] . 
Results
The longitudinal slip characteristics of the two tyre models were compared against measurements obtained on the Calspan flat-track test rig. Three different normal loads were considered, 3500 N, 7000 N and 10000 N. In all cases, the tyre was driven at 0° camber and an inflation pressure of 2.6 bar. The parameters of the tyre models were extracted from the flat-track data, see Table  1 . The longitudinal slip stiffness of the models, Cx, was calculated from the slip curves as a function of normal load. The friction coefficients of two-µ model, µstick and µslide, were determine through a best-fit approach. In the case of the variable-µ model, µslide was the same as used in the two-µ model and µslide was calculated from the friction measurements (cf. Fig. 8 ). Fig. 9 compares the slip characteristics of the two tyre models and the measurements. The two-µ model provides a reasonable prediction of the force-slip behaviour up to the peak force. With further increasing slip ratio, the model is not able to capture the decrease in Fx, owing to the constant µslide value. In contrast, the variable-µ model shows a better match with the flat-track data. Arguably, the best fit was the 7000 N case, particularly for high longitudinal slips. Loads of 3500 N and 10000 N also displayed a good match.
In all cases, the fit generally improved with increasing longitudinal slip. This is likely due to increasing validity of the assumption of the bristle velocity: at greater longitudinal slips, there is a higher percentage of the contact patch that is sliding, and hence one can more confidently assume 2 = % • ). In addition, higher slips corresponded to higher temperatures, resulting in the friction master curve being shifted further to the right. Thus, for a similar velocity, lower µslide and hence Fx values were obtained, following the trend of the flat-track data and resulting in a more accurate model prediction. Table 1 .
In the case of the 10000 N load, the variable-µ model displayed a sharp peak that resulted in a sudden reduction in force when moving from sticking and sliding to pure sliding (i.e., when |)| A 3 6378 $ < . % ⁄ , from equation (3)). This is likely due to the contact patch mechanics assumptions made in the model (e.g., parabolic pressure distribution, bristle velocity). In addition, the WLF transform is only considered to be valid within 100°C of Tg [9] : Tg was found to be -30°C, and flat-track data regularly exceeded 70°C in high slip regions (cf. Fig. 9 ).
5
Conclusions and Future Work
In this paper, a rubber friction master curve was integrated into a simple, very lowparameter brush-type model in order to assess the benefits of detailed friction data. Rubber friction measurements of a tread block taken from an unused passenger car tyre were obtained under highly controlled conditions using a purpose-built state-of-the-art rubber friction test rig. A robust sample preparation procedure was developed, and friction data showed high levels of consistency.
Integrating the friction measurements with the brush model in a 'variable-µ model' resulted in a very good match with longitudinal force measurement obtained on the Calspan flat-track. Results show that a considerable improvement in model accuracy can be achieved through a simple implementation of friction measurements.
Future work is concerned with the extension of the model formulations to lateral and combined slip cases. Friction measurements will be repeated on real-world surfaces (e.g., asphalt) to create additional master curves and generate data for further analysis of the surface-related effects, including relevant parameters for scaling tyre forces and moments between surfaces.
